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Chapter 1 Introduction 
This study investigates the nucleation process using colloidal crystals. The 
understanding of process is very important for various fields including metallurgy, 
physics, and biology. In this chapter, studies on the nucleation process and 
colloidal crystals are reviewed and the aim of this study is discussed.  
 
1.1 Nucleation 
Nucleation is an important phenomenon not only in materials science but 
also in chemistry and physics. The crystallization process is a central topic in 
materials science, comprising both nucleation and growth processes. The 
nucleation process is an initial process in phase transition. Nucleation is defined 
as an irreversible formation of a nucleus of the new phase, where a small quantity 
of atoms, ions, or molecules forms a new structure in a small region of a crystal 
from the solution, liquid, vapor, or solid phase. Nucleation can be classified as 
homogeneous and heterogeneous nucleation. The nuclei of the new phase formed 
uniformly throughout the parent phase represent homogeneous nucleation, while 
those formed preferentially at the walls of the container, impurities, grain 
boundaries, dislocations, etc., indicate heterogeneous nucleation.  
 
1.1.1 Nucleation phenomenon in nature 
The nucleation process universally occurs when a new phase is formed. 
There are various examples of nucleation, such as in ice, cloud, snow, and rainfall 
formation; in the origin of life, such as the organic and inorganic proteins; and in 
mineral crystallization such as volcanic eruptions and earthquakes. The initiation 
of neuro-degenerative diseases and the formation of black holes are also produced 
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by the nucleation process [1]. Heterogeneous nucleation occurs more often than 
homogeneous nucleation in nature. The reason for this will be described in the 
next section from thermodynamic viewpoint. There are some typical examples of 
heterogeneous nucleation in life, such as the formation of carbon dioxide bubbles 
and the growth of sugar crystals on a string. 
The nucleation process occurs not only in the atomic or molecular crystal 
but also in large building blocks. Nucleation also occurs in macromolecular 
systems such as proteins whose molecular size is on the order of several 
nanometers. The authors in [2] observed the nucleation of 2D glucose isomerase 
crystals on a substrate and found that the nucleation process was similar to that of 
the atomic system. Beyond the typical example, on the kilometer scale, the 
occurrence of an earthquake was indicated to be a nucleation process by near-
source observations [3, 4]. The submicron size of the colloidal particle also shows 
the nucleation process. It is known that colloidal particles display a phase 
transition similar to that of the atomic system. Russo and Tanaka investigated the 
nucleation behavior of the colloidal system [5, 6], which has been applied to study 
the kinetics of phase transition [7, 8]. 
 
1.1.2 Classical nucleation theory (CNT)  
CNT is a well-known theoretical model used to understand the nucleation 
phenomenon, which stems from the studies of Volmer and Weber [9], Becker and 
Döring [10], and Frenkel [11]. This model presents the condensation of 
supersaturated vapors to the liquid phase and can also be applied to crystallization 
from solutions and melts. The change in Gibbs free energy of the system (∆G) 
during nucleation is the sum of decrease in volume energy (∆Gv), which arises 
from the gain of the chemical potential difference, and the increase in the 
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interfacial energy (∆Gs) induced by the formation of a surface. The nucleation 
process depends on the competition between ∆Gv and ∆Gs. Thus, ∆G for a 
spherical nucleus with radius r is given by 
  σr
v
r
rG  2
1
3
4
3
4


                                  (1.1) 
where  is the chemical potential difference between the liquid and solid,   is 
the interfacial energy between the liquid and solid per unit area, and v1 is the 
molecular volume of the liquid. Based on eq. 1.1, the change in ∆G for nucleation, 
as a function of the radius of the nuclei, r, is shown in Figure 1.1. As seen in Figure 
1.1, there is a maximum value of G, the critical Gibbs free energy change, G*, 
which corresponds to the critical size, r*. When the size of the nuclei is less than 
r*, ∆G increases with r. Thus, the clusters will gradually dissolve. As r increases 
beyond r*, the decrease in ∆G leads to the formation of the nuclei.  
Based on the above discussion, the thermodynamic perspective of 
heterogeneous nucleation is described. The free energy needed for heterogeneous 
nucleation is expressed as [12] 
 fGG  shomogeneouousheterogene ΔΔ                             (1.2) 
where    
4
cos2)cos1( 2 


f , where  is the contact angle of the nuclei and 
the foreign substance during the heterogeneous nucleation process, as shown in 
Fig.1.2 (a). The ∆G for heterogeneous nucleation compared to that for 
homogeneous nucleation is shown in Figure 1.2(b). The r* for heterogeneous 
nucleation is the same as that for homogeneous nucleation,  whereas the critical 
Gibbs free energy change for heterogeneous nucleation, Gheterogeneous*, is less than 
that for homogeneous nucleation, Ghomogeneous*. Owing to the smaller ∆G value, 
heterogeneous nucleation occurs more frequently in nature than homogeneous 
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nucleation. 
Here, the limitations of applying the classical nucleation theory are 
discussed. We make the following assumptions in CNT, to simplify the process 
description: small clusters have the same properties as those of the bulk material, 
the shape of the nucleus is spherical, the cluster grows by the addition of one 
monomer at a time (Figure 1.1(a)), the interfacial energy is independent of the size, 
and the process is in equilibrium [13, 14]. These assumptions limit the application 
of CNT. For instance, the nucleation rate of water vapor in the presence of argon 
inferred from the expansion chamber with a temperature control system is 12 
orders of magnitude lower than that of the water vapor inferred from CNT 
predication [15]. Although CNT has developed since its introduction by Gibbs in 
the 1870s [16, 17], the quantitative nucleation kinetics are yet to be fully 
understood. 
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Figure 1.1 Classical nucleation theory: (a) Growth of nucleiOnly one atom is 
incorporated at a time; n is the number of atoms, the green sphere is the atom of 
a growing cluster, the blue sphere is a free atom. (b) Change in Gibbs free energy 
(∆G) for nucleation as a function of the radius of nuclei, r, according to the CNT. 
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Figure 1.2 ΔG* of heterogeneous nucleation is less than that of homogeneous 
nucleation. (a) The equilibrium state of the nuclei with a radius r on a flat substrate. 
 is the contact angle of the embryo and the foreign substrate. (b) Schematic of 
ΔG curves for homogeneous and heterogeneous nucleation as a function of r. 
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1.2 Colloidal crystals 
The materials employed in this study are colloidal crystals, which are 
monodispersed colloids in which colloidal particles are arranged orderly. They 
have attracted much attention due to their unique properties. After reviewing the 
applications of colloidal crystals, the nucleation process of colloidal crystals is 
described.  
 
1.2.1 Colloids and colloidal crystals  
The term colloid is a state of submicron particles, with sizes ranging from 
1 nm to 1 m, dispersed in a solid, liquid, or gas medium according to IUPAC’s 
definition [18]. A colloid comprises colloidal particles and the dispersing medium. 
Colloids are ubiquitous in everyday life. Some examples include milk, smog, fog, 
paints, muddy water, and cosmetics. For instance, tiny grains of sand, silt, and clay 
dispersed in water form muddy water. Fog refers to the dispersion of water droplets 
in air. Milk is an emulsion of liquid butterfat globules suspended in a water-based 
solution. 
A colloidal crystal has the structure of a highly ordered arrangement of 
particles, which is analogous to a normal crystal arrayed by atoms or molecules  
[19]. The structure of colloidal crystals is 2D (i.e., monolayer), which is only one 
particle high, and 3D (i.e., multilayer), which extends along all three spatial 
coordinates. Figure 1.3 shows 3D polystyrene colloidal crystals, with a face-
centered cubic (fcc) structure [20].  
In general, colloidal crystals exist in nature and can be artificially 
synthesized from polymer spheres. For instance, some viruses for animal or plant 
diseases are colloidal crystals [21, 22]. Stanley discovered the tobacco mosaic 
virus in 1935, which was identified to be naturally monodispersed by Bernal and 
8 
 
Fankuchen in 1941. These virus particles were assembled into crystals after being 
concentrated by centrifuging from dilute water suspensions, and then examined by 
light diffraction methods. Williams and Smith reported that a crystalline order was 
observed in suspensions of Tipula virus by a high-magnification light microscope 
[23]. A typical example of a natural colloidal crystal is opal, whose regular order 
of the spherical silica particles was revealed by Darragh et al., where sparkles with 
flecks of pure spectral color were observed due to the diffraction of visible light 
[24, 25]. 
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Figure 1.3 Scanning electron micrograph of a polystyrene colloidal crystal . 
Reprinted with permission from Reference [20] © Kluwer Academic 
Publishers 2004. 
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Colloidal crystals exhibit some unique features. Bragg scattering of visible 
light by a colloidal crystal occurs because the lattice constant of the colloidal 
crystal is comparable with the wavelength of visible light. Colloidal particles are 
characterized by observable Brownian motion from the viewpoint of physics [26]. 
Brownian movement arises because each particle in the colloidal solution has 
kinetic energy. The movement of colloidal particles in a medium is analogous to 
the diffusion of atoms. The crystallization process of colloidal particles shows a 
phase transition analogous to that of the atomic system [27]. Therefore, they have 
attracted much interest in various applications such as the optical field, chemical 
engineering, and materials science. These will be introduced in detail in the next 
section.  
 
1.2.2 Applications of Colloidal Crystals  
There are diverse applications of colloidal crystals, and the photonic 
crystal is a typical one. The photonic crystal can control the propagation of 
electromagnetic waves, which are induced by a periodic structure composed of 
two different refractive indexes in the assembly structure [28]. It is similar to the 
electrons in the semiconductor. Colloidal crystals are the most promising materials 
for low-cost production of 2D and 3D photonic crystals. By utilizing the unique 
photonic feature of colloidal crystals, they can be applied to optical waveguides 
[29]. The laser beam focused on the colloidal crystal microring is guided by a 
regularly arranged structure due to its strong photoluminescence. Colloidal 
crystals are also applied to biochemical sensors [30, 31]. A polystyrene colloidal 
crystal is placed on the surface of a contact lens, which selectively filters 
electromagnetic waves of certain frequencies according to Bragg’s law [30]. 
“Colloidal lithography” has recently attracted much interest for its application to 
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photolithography [32–35] and templates for the epitaxial growth of colloidal 
crystals [36, 37]. To produce surface patterning, 2D colloidal crystals are utilized 
as masks or templates for the processes of evaporation [35], deposition [38], 
etching [39], and imprinting [40]. In addition, colloidal crystals have been used as 
a model system for phase transitions in atomic systems [41]. They can be applied 
to extreme experimental conditions such as high pressure, high temperature, and 
short processing time, which are difficult to observe directly in an atomic system. 
The colloidal system is easily accessible for observing such transitions, because 
the typical length and time scales can be monitored using an optical microscope.  
 
1.2.3 Colloidal system as a model for atomic systems  
As mentioned in the last section, since colloidal crystals possess unique 
features such as Brownian motion, large size, and tunable interaction, colloidal 
crystals have attracted much interest for fundamental studies, as they are a 
promising model for phase transitions in atomic and molecular systems. Following 
are the advantages of the colloidal system as a model [42–45]. First, the size of 
the colloidal particles is larger than that of atoms or molecules, which enables 
individual particles and their spatial arrangements to be visualized directly by an 
optical microscope. Second, the diffusion of colloidal particles is slower by several 
orders of magnitude than that of atoms. The long characteristic time of colloids 
makes it easy to facilitate in situ observations in real time. Also, colloidal particles 
exhibit Brownian motion; when their volume fraction in solutions exceeds a 
certain level, they exhibit phase transition, such as gas, liquid, or solid. This 
behavior is analogous to that of atomic systems. In addition,  the interactions 
between colloidal particles can be tailored from repulsive to attractive, which 
makes it possible to model colloidal suspensions of different system types.  
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These advantages make colloids a suitable model system to investigate 
dynamic processes and phase transitions such as glass formation [46], crystal 
nucleation [47], and epitaxial growth [48] with a single-particle resolution, which 
provides a good insight into the phenomena that are difficult to experimentally 
address in atomic systems.  
 
1.3 Development of nucleation study 
The control of nucleation is critical for manipulating the number, size, 
perfection, and other characteristics of crystals [49]. CNT, as a basic theoretical 
framework, is employed to investigate the nucleation process, and was developed 
a long time ago, as mentioned in section 1.1.2. It was derived based on several 
major assumptions, which simply describe the nucleation process but restrict its 
application simultaneously. Some shortcomings of CNT are discussed here. For 
instance, CNT cannot predict the absolute nucleation rate if the pre-exponential 
factor in the kinetic equations remains unknown [50–54]. In the nucleation process 
of stoichiometric silicate glasses (Li2O · 2SiO2 and Na2O · 2CaO · 3SiO2), the 
movement of clusters was ignored, but the pre-exponential factor was affected by 
molecular mobility. This assumption led to a significant deviation of the 
theoretical pre-exponential factor from the experimental one [55]. There is a 
debate on whether small clusters can be considered to have the same properties as 
the bulk material. It was reported that the properties of a critical nucleus were 
significantly different from those of the eventually formed stable bulk phase [56]. 
Although many researchers have studied the fundamental aspects of the nucleation 
process by CNT, the nucleation rate is still unpredictable [57]. This stimulates the 
development of theoretical methods beyond the assumptions of CNT.  
Recently, various nucleation processes that cannot be explained by CNT 
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have been reported, such as two-step nucleation and multi-step nucleation via 
metastable state in various substances [61–65]. Many factors affect the nucleation 
process, whose mutual effect leads to a wide variety of dynamic pathways in the 
formation of the nuclei, as shown in Figure 1.4. The various pathways include the 
single-step nucleation described by CNT (Figure 1.4a), the two-step nucleation of 
protein described by the formation of a metastable bulk phase (Figure 1.4b), or the 
multi-step colloidal nucleation via the appearance of metastable phases (Figure 
1.4c).  
To a large extent, the development of experimental and simulation 
techniques such as in situ TEM [58] and atomic force microscopy (AFM) [59] 
allows researchers to investigate the nucleation process in more detail on the 
length and time scales, which was previously unattainable. Thus far, the 
understanding of crystal nucleation is far from sufficient because the process is 
largely unknown from molecular viewpoint. Hence, computational approaches 
simulate the process of cluster formation and particle assembly using molecular 
dynamics (MD) simulations [60], which helps in the understanding of nucleation 
at the nanometer scale. However, the experimental investigation of nucleation is 
difficult and still a challenge for almost all systems. Since the colloidal system is 
an excellent model to study phase transition, researchers have applied it to the 
nucleation study.  
In the colloidal system, several studies focusing on the nucleation process 
have been reported. For instance, homogeneous nucleation was investigated  in a 
hard sphere system [66–68], where the nucleation rate of the hard spheres as a 
function of volume fraction and the detailed structure of critical nuclei were 
examined. Heterogeneous nucleation has also been studied. Colloidal crystals 
nucleate much faster on substrates than in the bulk via homogeneous nucleation. 
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The G for nucleation on the wall was measured to be two orders of magnitude 
lower than that for homogeneous nucleation by simulation [69]. Zhang and Liu 
studied the classical nucleation process of charged polystyrene spheres on a cover 
glass, in which nucleation is driven by an applied alternating electric current  [70]. 
They also observed multi-step nucleation via an amorphous precursor [64]. 
Therefore, in distinct materials, nucleation can undergo the classical or non-
classical nucleation pathway. Even in the same material, the formation of nuclei 
shows different pathways due to the interplay of thermodynamics and the 
dynamics of particles. What determines the nucleation pathway to be followed in 
the colloidal system remains unclear. The understanding of the mechanism of 
nucleation still requires investigation.  
  
15 
 
 
Figure 1.4 Possible pathways and free-energy landscape. (a) Classical nucleation 
overcoming a smooth barrier (left) for DNA-functionalized nanocubes (green) and 
nanospheres (orange). This is portrayed by MD simulations (middle) . Reproduced 
with permission from Reference [61]. © 2013, Springer Nature. A scanning 
electron microscope image of the formed colloidal crystal with a cubic lattice 
isostructural to NaCl is shown on the right-hand side; Reproduced with permission 
from Reference [62]. the scale bar is 200 nm. (b) Nucleation via the formation of 
a metastable bulk phase. Two-step nucleation is typically recognized in protein 
systems. The crystal phase (red) is nucleated in a dense liquid phase (yellow) 
formed in a dilute liquid phase (blue). Reproduced with permission from Reference 
[63] © 1997, The American Association for the Advancement of Science. (c) 
Nucleation over a barrier with several local minima. Multi -step crystallization 
observed in a 2D colloidal system. The crystal-like particles defined by > 
0.8 are highlighted in red (where 6 is a local 2D bond-order parameter). 
Readapted with permission from [64]. Copyright (2007) American Chemical 
Society.   
 6
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1.4 Interfacial free energy 
As previously described, heterogeneous nucleation on a substrate is a 
common mode of crystallization in industry as well as in nature, based on 
thermodynamics. Thus, the substrate plays a crucial role in the nucleation process. 
Many efforts have been devoted to studying the effect of the substrate on the 
nucleation process, e.g., the effect of substrate temperature [71] and the surface 
structure of the substrate [72]. 
The substrate also plays a vital role in the nucleation of colloidal crystals  
[73–75]. Several studies on the effect of substrates have been conducted. For 
instance, it was reported that the presence of a smooth hard wall drastically 
lowered the nucleation barrier of colloidal crystals in a hard sphere system, where 
the critical Gibbs free energy for nucleation on the wall was lower than that for 
homogeneous nucleation by about two orders of magnitude [69]. Arai et al. 
reported that a substrate in a supercooled liquid induced short -range translational 
ordering, whose structure was determined by the final colloidal crystalline state 
such as body-centered cubic (bcc), hexagonal close packed (hcp), or fcc [76]. The 
effect of the curvature of the substrate was also investigated, where the seed 
particles of size R ≥ 5σ could promote crystal nucleation because of the decrease 
in nucleation barrier, where σ is the spherical diameter of hard colloids [77].  
In the conventional heteroepitaxial growth system, the impact of a 
substrate on nucleation is measured by the change in the interfacial free energy, 
σ, which comprises the interfacial energies between the substrate/solid, σsub-solid, 
solid/liquid, σsolid-liquid, and substrate/liquid, σsub-liquid [78]. σ is an important 
parameter to understand and control the nucleation rate and growth mode of the 
thin film [79–81]. The shape and size of the nuclei are determined by the balance 
in the three above-mentioned interfacial free energies. 
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In a hard-sphere system, the interfacial free energy between solid and 
liquid, σsolid-liquid, for 3D crystals was obtained by computational methods [82]. Yet, 
the significance of the substrate on the crystallization of 2D colloids was not taken 
into account. For instance, the monolayer 2D nucleation on a substrate is driven 
by an applied electric field, where the nucleation behavior is well -explained by 
CNT but the contribution of the interface energy was not considered  [70]. Savage 
et al. reported that 2D nucleation on a cover glass can proceed through multiple 
distinct steps (non-CNT model) in the depletion attraction system [83]. The 
detailed 2D nucleation process on the terrace of colloidal crystals of an attractive 
system has recently been reported by Nozawa et al.  [84], who also did not consider 
σ because of the 2D islands nucleated on the same material.  
These colloidal crystals formed on a foreign substance such as cover glass 
in the above study; however, the effect of the substrate (interfacial free energy 
change, ∆σ) was neither taken into consideration nor evaluated in these studies. 
The effect of substrates on colloidal nucleation is yet to be clarified. 
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1.5 Outline of the thesis 
To gain a better understanding of the nucleation process, this thesis 
focuses on the mechanism of the heterogeneous nucleation of colloidal crystals on 
substrates by taking the interfacial free energy change () into account. The 
effect of  on the heterogeneous nucleation of colloidal crystals and the origin 
of  were determined by measuring the interaction between colloidal particles 
and the substrate. 
This thesis contains five chapters, which are outlined as follows: 
In chapter 1, the background and objective of the thesis are presented.  
In chapter 2, the principles and method of colloidal crystallization are 
introduced. The depletion attraction, employed in the experiment, and the 
experimental condition are described.  
In chapter 3, the in situ observation of heterogeneous nucleation of 2D 
colloidal crystals using cover glass as a substrate is presented. Two types of 
nucleation processes are found: the conventional 2D nucleation process and the 
quasi-2D nucleation process. The reason why  should be accounted for is 
discussed.  
In chapter 4, the nucleation of colloidal crystals on three different 
substrates--uncoated, Pt-coated, and Au-coated, is examined. The effect of 
substrate on the nucleation rate is discussed, and the relation between  and the 
substrate−particle interactions is evaluated.  
In chapter 5, the results of the thesis are summarized.  
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Chapter 2 Crystallization of colloidal crystals 
There are many methods for obtaining colloidal crystals, of which the 
depletion attraction method is adopted in this study. This chapter discusses the 
principle of each method. After which, the experimental procedures used are 
introduced.  
 
2.1 Principles of colloidal crystallization 
In this study, the nucleation of 2D colloidal crystals was investigated. 
There are various methods for the fabrication of 2D colloidal crystals, 
including solvent evaporation [1], spin coating [2], electric field-induced flow [3], 
and depletion attraction [4]. These methods are classified as hard sphere, repulsive, 
and attractive systems in terms of particle interaction.  
In the hard sphere system, the pair interaction, U, between particles of 
diameter a is approximated as [5]  
U(d)=∞ d < a, 
  =0 d ≥ a,                                                (2.1)  
where d is the center-to-center distance of the particles, as plotted in Figure 2.1a. 
Since no potential energy exists between the hard spheres, the phase behavior is 
dependent on the volume fraction, , as illustrated in Figure 2.2. Colloidal 
crystallization occurs when the volume fraction attains a value of 0.49  [6]. The 
fluid and crystal coexist between the freezing point,  F, and the melting point, M. 
The crystal is stable when  exceeds the melting point, M, 0.545. Glass transition 
is observed at a volume fraction of 0.58 [6, 7]. Hexagonally close-packed crystals 
form at the maximum volume fraction, CP, 0.74, while in random close-packed 
structures, CP reduces to 0.64.  
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The interaction between particles in the repulsive system is shown in Figure 
2.1b. Repulsive forces between particles can be tuned by the ionic strength of the 
solution and pH or surface charge density of particles. Different repulsive 
interactions such as dipolar interactions, Coulomb interaction, and steric 
stabilization are shown in Figure 2.3 [8]. The interaction between particles in the 
attractive system is presented in Figure 2.1c; attractive interactions work between 
particles, such as immersion capillary forces, Coulomb attraction, van der Waals 
(vdW) attraction, and the depletion attraction by the addition of polymers, as 
shown in Figure 2.4 [8]. The phase diagram of the attractive system is presented 
in Figure 2.5 [9], which corresponds to the hard sphere system without polymer, 
as shown in Figure 2.2.  
The theory of Derjaguin, Landau, Verwey and Overbeek (DLVO) was 
employed to explain particle interaction in stabilized colloidal dispersions [10, 11]. 
The van der Waals (vdW) attractions and electrostatic double-layer repulsion 
compose interparticle interaction in the DLVO theory, as expressed in Eq. 2.2.  
F = FvdW + Fdl                                              (2.2) 
where FvdW is the vdW attraction and Fdl is the double-layer force. The 
total DLVO interaction potential is shown in Figure 2.1d, where the potential of 
three different cases is summarized. The electrostatic double-layer repulsion 
dominates at a low ionic strength in (I), causing the colloidal particles to be 
dispersed. There is a secondary minimum potential at the intermediate ionic 
strength in (II), leading to a negligible barrier. The attraction is over the double 
layer repulsion between the colloidal particles at high ionic strengths in (III). The 
interaction between particles is tuned as a result of the competition between vdW 
attraction and double-layer repulsion.  
The growth mode of colloidal crystals depends on particle interaction. In 
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the hard-sphere and repulsive system, the densities of the solid and liquid are 
similar, and thus, an ambiguous interface is formed [12]. The growth mode is 
similar to that of the melt growth. A smooth interface is developed in the attractive 
system for a large density difference between the liquid and solid, where the 
growth mode is analogous to that of the solution or vapor growth. Two-
dimensional nucleation is clearly observed in the attractive system [13], which 
meets the requirement for the study on heterogeneous nucleation on a substrate. 
Therefore, the attractive system is utilized in this study.  
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Figure 2.1 Pair interaction between colloidal particles, where a is the diameter of 
a particle: (a) Hard sphere interaction, (b) repulsive interaction, (c) attractive 
interaction. (d) Schematic representation of DVLO interaction. Curves (I), (II), 
and (III) correspond to the three distinct conditions upon which increasing the 
concentration of electrolytes depends. 
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Figure 2.3 Repulsive interparticle interactions: (a) dipolar repulsion by 
partial ionic dissociation at the interfaces, (b) Coulomb repulsion, (c) steric 
repulsion. Readapted with permission from [8]. Copyright (2015) 
American Chemical Society. 
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Figure 2.4 Attractive interactions: (a) Immersion capillary forces, (b) 
hydrodynamic coupling/drag forces, (c) Coulomb attraction to oppositely charged 
surfaces, (d) bridging attraction/flocculation, (e) flotation capillary forces, (f) vdW 
attraction, and (g) depletion attraction. Readapted with permission from [8]. 
Copyright (2015) American Chemical Society. 
 
 
 
35 
 
 
 
 
 
 
 
 
 
 
Figure 2.5 Phase diagram of the attractive system. At polymer concentration, Cp= 
0 corresponds to Figure 2.2.  
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2.2 Attractive system-depletion attraction 
As described in the previous section, the attractive system was employed 
in this study. The depletion attraction interaction was employed for the 
crystallization process. This method is one of the most convenient methods 
because it works on any type of particle without the need for modifying the particle 
surface. The depletion attractive interaction has been widely applied to model 
phase transitions such as superheating [14].  
The principle of depletion attraction is shown in Figure 2.6 [15]. For 
charged colloidal particles, repulsive interaction works between particles in the 
water solution, as illustrated in Figure 2.6a. When a polymer is added to the 
solution, the depletion layers are formed around the particles (indicated by the 
dashed circles in Figure 2.6b) because the surrounding of the colloidal particle is 
unavailable for the center of the polymer to occupy. This layer indicates the 
excluded volumes of the depletant. When the particles are close to each other, the 
depletion layers overlap. The polymer cannot enter the overlapped area between 
the particles whose sizes are smaller than that of the polymer in the solution. Such 
overlapped area is referred to as the depletion zone. The concentration of the 
polymer between the depletion zone and other regions is different, as it generates 
osmotic pressure, p. The difference in the osmotic pressure leads to a depletion 
attraction between particles.  
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Figure 2.6 Illustration of depletion attraction. (a) Colloidal particles in water, (b) 
particles after the addition of polymer. 
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2.3 Experimental  
  The colloidal particles employed in the experiments were green 
fluorescent 500 nm monodispersed polystyrene spheres (PS) (Thermo Fisher 
Scientific). The zeta potential of the PS particles was measured as −47.1 ± 5.9 mV. 
A negatively charged sodium polyacrylate polymer (polymerization degree of 
30000–40000) was dispersed into the PS suspensions as the depletant to generate 
an attractive force between the particles and the substrate as well as between the 
particles. The concentration of sodium polyacrylate was 0.15 g/L for all 
experiments. The volume fractions () of initial colloidal suspensions ranged 
from 0.05 to 1%. Three different substrates, uncoated, Au-coated and Pt-coated 
cover glasses, were used (Figure 2.7 (a)). A cover glass with a thickness of 0.12–
0.17 mm was employed after cleaning with deionized water. Au or Pt thin layers 
(~12 nm in thickness) were coated on the cover glass by the sputter coating 
technique (SC-701AT, Sanyu Electron Inc.). 
The solution was sealed in a growth cell composed of a silicone sheet as a 
spacer (2 mm thickness) and cover glass as a substrate as shown in Figure 2.7 (b). 
All of the experiments were performed under ambient conditions (ca. 25 C). 
Crystallization occurred on the substrates at the bottom of the cell, and was 
observed by inversed optical microscopy. An oil immersion lens (magnification = 
100 and N.A. = 1.3) was utilized to achieve single particle resolution of 500 nm 
particles. 
Colloidal crystallization is caused by a depletion attraction. [13, 15] The 
interparticle interactions can be tuned by the concentration of a polymer. The 
attractive potential of particles is calculated in terms of depletion potentials and 
van der Waals (VDW) as follows. The strength of the depletion attractive potential, 
UAO(d), was derived by Asakura-Oosawa
 [16] and Vrij [17] as: 
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)()( OVBAO dTVkndU b    d2Rda                                (2.3) 
  =0     d2Rd                                                  (2.4) 
where nb is the polymer number density, Rd is the depletion radius which is 
obtained as the sum of the particle radius (a/2) and the radius of gyration of the 
polymer in water (Rg), VOV(d) is the overlap volume of spheres that have radii of 
Rd, d is the center-to-center distance of the particles, kB is the Boltzmann constant 
and T is the absolute temperature. VOV(d) is derived as: 
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Rg was determined by dynamic light scattering (DLS) to be 100 nm. The value of 
nb is obtained
 [5]  




b
b
n
n
                                                       (2.6) 
where nb
* is the polymer number density at which the polymer coils overlap,  is 
weight fraction of the polymer, and * is weight fraction of the polymer where the 
chains start to overlap.  
The concentration of polymer by weight, , is calculated to be 0.14 310 wt%. The 
value of * is calculated by 
AW NnM b
  310 , where Mw is weight average 
molecular weight, which is obtained from the degree of polymerization (30000-
40000) to be 64 103.3105.394 wM , in which 35000 was used as an average 
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value of the degree of polymerization. 
Since 
34
3
g
b
R
n

 , equation 2.6 is transformed into  
W
A
bb
M
N
nn
310



 

. 
The nb is calculated to be 
111026.0  /g. The values of each parameter are substituted 
into equation 1 to obtain the potential of depletion attraction as a function of 
center-to-center distance, which is shown as blue line in Figure 2.8.  
The VDW potential between two particles is given by  
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Where AH is the Hamaker constant.
 [18] UVDW and UAO+ UVDW are shown in orange 
and black line in Figure 2.8, respectively. Crystallization occurs on the cover glass. 
In the polymer added solution, there are two depletion forces at work, one between 
particles and substrate and one between the particles themselves. Though the 500 
nm particles exhibit strong Brownian motion, the depletion attraction between the 
particles and the substrate causes the particles to stay on the substrate.  
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Figure 2.7 (a) Cover glass (I), Au-coated cover glass (II) and Pt-coated cover glass 
(III) substrates. (b) Schematic illustration of the growth cell for the colloidal 
crystals. 
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Figure 2.8 Attractive potential between the particles. d is the center-to-center 
distance of the particles, a is the diameter of the particles. The interaction potential 
of van der Waals (VDW), UVDW, and depletion attraction, UAO, are show in blue 
and orange line, respectively. The sum of them is shown in black line.  
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The interaction forces between a polystyrene particle and a substrate were  
measured as a function of the surface separation distance (D) using colloidal probe 
atomic force microscopy.  [19, 20] A schematic illustration of the setup is shown in 
Figure 2.9. A commercial AFM (SPI3800-SPA400, SII NanoTechnology Inc.) in 
combination with a homemade closed fluid cell was used for the interaction forces 
measurement in aqueous solution. The colloidal probe was prepared by attaching 
a colloidal sphere (polystyrene, 10 μm in diameter) to the end of a cantilever 
(DNP-S, Bruker Nano Inc.) with UV curable resin (NOA61, Norland Products 
Inc.). The details of the surface force measurement are described Chapter 4.  
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Figure 2.9 Schematic illustration of the colloidal AFM probe for measuring 
interactions between the polystyrene particle and the substrate. 
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Chapter 3 The heterogeneous nucleation of colloidal crystals 
on a glass substrate  
Reproduced in part with permission from [S. Guo, J. Nozawa, et al., Heterogeneous nucleation of colloidal crystals on a glass substrate 
with depletion attraction, Langmuir 2017, 33 (40), 10543−10549]. Copyright [2017] American Chemical Society.  
Based on the principle of depletion attraction described in chapter 2, the 
heterogeneous nucleation of colloidal crystals on a cover glass substrate was 
performed in this chapter. The nucleation process of colloidal crystals was 
investigated by in situ observation.  
 
3.1 Two types of nucleation process on the cover glass  
After mixing the colloidal suspension and the polymer, 2D nucleation 
takes place on the glass substrate at the bottom of the cell. First, with particles 
sinking due to gravity, the particle concentration in the vicinity of the glass 
substrate increases. As colloidal particles collide with each other, they form 
clusters. Some clusters shrink and disappear, while others continue to grow in the 
lateral direction to become nuclei, forming the 1 st layer. The secondary layer 
occurs on the surface of the grown clusters. In the experimental time period, about 
5 layers develop by the repetition of similar processes. The concentration of 
colloidal particles in the solution decreases over time because the particles are 
consumed for nucleation and growth. As the particle concentration decreases, only 
growth takes place, because a higher concentration is required for nucleation than 
for growth. When the particle concentration decreases to a certain value, growth 
then ceases. 
In this nucleation process, we discovered two strategies of nucleation: one 
occurs with a mono-layer and the other with two layers. In the former case, 
mono-layer nucleation, the cluster overcomes the critical size with a mono-layer, 
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which is equivalent to 2D nucleation. In the latter case, quasi -two-dimensional 
nucleation (q-2D nucleation), the cluster overcomes the critical size by forming a 
two-layer structure. We call the two-layer structure a quasi-two-dimensional (q-
2D) nucleation. Though the nucleus has two layers, it is not categorized as a three-
dimensional (3D) nucleus because it does not have a 3D shape. To have a 3D shape, 
the ratio of the number of particles for each layer should be constant for any 
nucleus size; however, it is not constant for the q-2D nuclei observed in the present 
study. We classified this structure as q-2D. The q-2D structure is only observed 
for nucleation on a glass substrate, not for 2D nucleation on the terrace substrate 
of colloidal crystals. Therefore, this is characteristic of the nucleation process on 
a glass substrate, and further detailed observations were then carried out.  
 
3.1.1 Monolayer nucleation 
Figure 3.1 shows the mono-layer nucleation process on the glass substrate 
by in situ observations. The images were taken immediately after solution 
preparation. The experiments were carried out at room temperature (25 ºC). The 
polymer concentration was 0.15 g/L. Some clusters with a mono-layer, enclosed 
in dashed white circles, shrink and eventually dissolve, whereas some others, 
enclosed in dashed red, keep growing. Figure 3.2 shows the same phenomenon on 
the cover glass under different colloidal concentrations. These suggest that a 
critical size for the nucleation process exists. In the nucleation process, a cluster 
overcomes the critical size by forming a mono-layer. We determined the critical 
size from the largest clusters that are not stable and still tend to disso lve.  
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Figure 3.1 Snapshots of the mono-layer nucleation process on the glass substrate. 
The clusters in dashed white circles disappear as shown in (a) and (b), while 
clusters in dashed red circles continue to grow as shown in (b), (c), and (d).  
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Figure 3.2 Snapshots of the mono-layer nucleation process on the glass substrate. 
The clusters in dashed white circles disappear as shown in (a) , (b) and (c), while 
clusters in dashed red circles continue to grow as shown in (a), (b), (c), and (d). 
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3.1.2 Quasi-2D nucleation 
We also observed q-2D nuclei formation where the 2nd layer forms on the 
1st layer as shown in Figure 3.3. The images were taken several minutes after the 
solution was added into the growth cell. Two mono-layer embryos that appeared 
on the glass substrate are enclosed by a dashed white circle (I) and a dashed yellow 
circle (II) in Figure 3.3 (a). Several seconds later, a 2nd layer appears on the 1st 
layer in the enclosed dashed yellow embryo as shown in Figure 3. 3 (b), where the 
inset shows a schematic of the q-2D structure. The embryos continues growing as 
seen in the dashed yellow circle (c–f). This nucleation process does not correspond 
to so-called two-step nucleation. Even though formation of the 2nd layer followed 
formation of the 1st layer, there is no intermediate phase that transforms into the 
final phase. Both 1st and 2nd layers constitute the building unit of the two-layer 
structure. On the other hand, the mono-layer structure shrinks and then disappears 
as seen in the dashed white circle (b–c). Though the number of particles in the 
q-2D structure is smaller than that of the mono-layer structure in Figure 3.3 (a), 
the former nucleates whereas the latter disappears. It should be noted that when 
subcritical embryos of the 2nd layer are growing at the edge, the nucleation process 
is probably affected by the boundary of the 1st layer because growth of the 2nd 
layer is inhibited by the boundary. The nucleation rate may be reduced due to this 
effect. However, we do not have enough data to quantitatively evaluate the effect 
on the nucleation rate. This will be investigated in future studies.  This quasi-2D 
nucleation phenomenon was observed on the cover glass as well as other substrates, 
such as the Pt-coated cover glass, as shown in Figure 3.4.  
 
 
53 
 
 
 
 
  
F
ig
u
re
 3
.3
 q
-2
D
 n
u
c
le
a
ti
o
n
 o
n
 t
h
e
 c
o
v
e
r 
g
la
ss
. 
T
h
e
 m
o
n
o
-l
a
y
e
r 
st
ru
c
tu
re
 e
n
c
lo
se
d
 i
n
 d
a
sh
e
d
 w
h
it
e
 d
is
a
p
p
e
a
rs
, 
w
h
il
e
 t
h
e
 q
-2
D
 s
tr
u
c
tu
re
 i
n
 d
a
sh
e
d
 y
e
ll
o
w
 (
a
–
f)
 k
e
e
p
s 
g
ro
w
in
g
. 
In
se
t 
sh
o
w
s 
a
 s
c
h
e
m
a
ti
c
 o
f 
th
e
 q
-2
D
 s
tr
u
c
tu
re
. 
54 
 
 
 
 
 
 
 
Figure 3.4 q-2D nucleation on the Pt-coated cover glass. The mono-layer structure 
I enclosed in dashed white disappears, while the q-2D structure II in dashed red 
(a–d) keeps growing.  
  
55 
 
3.1.3 Definition of surface concentration  
In this study, area fraction, area , is employed to represent the 
concentration of colloidal particles, which is defined as the area occupied by 
ad-particles divided by the corresponding area . We focus on the mono-layer 
and two-layer colloidal crystallizations. Therefore, two kinds of area  are defined 
(Figure 3.5). The area fraction of ad-particles on the substrate, 
1
area , defined as 
the area occupied by ad-particles in the field of view (number of ad -particles 
on the substrate, N1, multiplied by the area of a particle, ), is divided by the 
corresponding area of a substrate (A1-Agra in). The area fraction of ad-particles 
on the 1st layer, 
2
area , is determined as the area of ad-particles on the 1
st layer 
(number of ad-particles on the 1s t layer, N2, multiplied by the area of a 
particle, ) divided by the area of the 1st layer as a terrace (A2-Agra in). The area 
of the formed colloidal crystals is not included in the observed area in the 
calculation of area. The number of particles in the critical nuclei on the substrate, 
N*, is investigated at various 
1
area .  
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Figure 3.5 Schematic of colloidal nucleation on glass. The number of ad-particles 
on the substrate (red line particles) is denoted by N1, and that on the 1st layer (blue 
line particles) is denoted by N2. A1 is the area chosen on the substrate (enclosed 
by purple dashed line), A2 is the area of the 1
st layer (enclosed by blue dashed line) 
and Agrain is the area of the grain in the chosen area. 
1
area  is the area fraction of 
ad-particles on the substrate. 
1
area  is the area fraction of ad-particles on the 1
st 
layer.   is the area of a particle. 
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3.2 Critical number of particles in critical nuclei 
The critical number of particles in the q-2D nuclei is obtained by 
measuring the minimum size of clusters that tended to grow. This is in contrast to 
the method for determining the number of particles in the critical mono-layer, in 
that the latter is obtained as the maximum size that tended to dissolve. This is due 
to the difficulties of observation. For q-2D islands, the frequency of disappearing 
embryos is significantly lower than the growing embryos. Thus, we rarely observe 
the disappearance of q-2D islands. In principle, the critical size is the largest size 
that will dissolve or the smallest size that will grow. The latter case is applied to 
the q-2D nucleation. The N* in the mono-layer nuclei and q-2D nuclei are counted 
to be 58 and 32, respectively, at 
1
area  ≈ 9% in Figure 3.3. The q-2D embryo has a 
smaller N* than the mono-layer embryo. 
The number of particles for mono-layer and q-2D nuclei at various area 
fractions on the cover glass, 
1
area , is shown in Figure 3.6. For mono-layer 
nucleation, as discussed above, the number of particles in the nuclei is plotted as 
blue circles. The blue line based on these points corresponds to the N* at various 
1
area . For q-2D nucleation, the number of particles in the nuclei is shown as green 
diamonds. The smallest value among these points is the N* at each 
1
area , which is 
shown as a green line. It is clear that N* for the q-2D nuclei is less than that for 
mono-layer nuclei at a given concentration. We next investigated why N* for q-2D 
nuclei is smaller than that for mono-layer nuclei in terms of the driving force 
required for the nucleation process in these two cases.  
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Figure 3.6 Number of particles in nucleus as a function of 
1
area  for mono-layer 
nuclei (blue circles) and for q-2D nuclei (green diamonds) on the substrate. The 
solid blue and green lines correspond to the number of particles in the critical size, 
N*, for mono-layer and q-2D nuclei, respectively. 
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3.3 Compare ∆G of two types nucleation  
Thus, the Gibbs free energy change, ∆G, for the two types of nucleation 
processes are evaluated here. 
 
3.3.1 ∆G calculation for nucleation based on CNT 
According to the classical nucleation theory (CNT), ∆G for forming a 3D 
spherical nucleus of radius r is [1]: 
  σr
v
r
rG  2
0
3
4
3
4


                                  (3.1)  
where 0v  is atomic volume, σ is the interfacial energy, and ∆µ is the 
chemical potential difference between the bulk liquid and solid. There are two 
terms in Eq. 3.1: the decrease in volume free energy and the increase in surface 
free energy with the increase in r. The boundaries of all the islands are rough and 
the facet boundary is not observed. The rough boundary was reported for 
subcritical and supercritical nuclei [2–4], in which fractal dimension was 
calculated to obtain line tension. We have applied CNT to the rough islands 
assuming that islands have circular shapes with smooth boundaries. When 
mono-layer nuclei form on a foreign substrate, ∆G for the 2D heterogeneous 
nucleation, G1, in terms of number of particles, n, is expressed as 
  11
3232


  naσnnnG                     (3.2) 
where a is the diameter of a colloid particle, Ω is the area per particle and is equal 
to 4
2a , ∆σ is the change in interfacial free energy, and  is the step free energy 
(line tension) of the mono-layer nuclei. Since there are voids between particles, 
the constant that is derived from the area fraction of a close packed circle, 
32
 , 
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should be divided by the number of particles to express the area that is occupied 
by close packed particles and the square root of the value should be multiplied by 
the length of the area. Thus, 

32
 and 

32
 are multiplied by the number of 
particles in the second and third terms of Eq.3.2, respectively.  
 Here, ∆σ can be expressed as 
∆σ = σ sub-solid + σsolid-liquid − σsub-liquid                               (3.3) 
where σsub-solid, σsolid-liquid, and σsub-liquid are the interfacial energies between the 
solid/substrate, solid/liquid, and substrate/liquid interfaces, respectively.  
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Figure 3.7 Schematic illustration of a q-2D embryo, showing parameters that are 
required to express the nucleation process. n1 and n2 are the numbers of particles 
of the 1st layer and the 2nd layer, respectively. 1 and 2 are the step free energies 
of the 1st layer and 2nd layer, respectively. σsub-solid, σsolid-liquid, and σsub-liquid are the 
interfacial energies of the solid/substrate, solid/liquid, and substrate/liquid 
interfaces, respectively. 
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When q-2D nuclei form on a foreign substrate, parameters for ∆G2 are as 
shown in the schematic illustration of Figure 3.7. The equation for G2 is written 
as 
     221112211212
3232


 nnaσnnnnnG          (3.4) 
where n1 and n2 are the numbers of particles of the 1
st layer and the 2nd layer, 
respectively. ∆µ1 and ∆µ2 are the chemical potential differences between the 
solution and the 1st layer, and the solution and the 2nd layer, respectively, at a 
certain supersaturation. 1 and 2 are the step free energies (line tensions) of the 
1st layer and 2nd layer, respectively.  
For a given interparticle interaction, ∆µ can be expressed in terms of the 
supersaturation δ [5]: 
   1lnBTk                                              (3.5) 
where kB is Boltzmann’s constant and T is the absolute temperature.  is related to 
the actual concentration (C) and equilibrium concentration (Ceq). Assuming C and 
Ceq correspond to area and equilibrium area fraction, eq,  is expressed by 
eq
eqarea




                                                     (3.6) 
Substituting Eqs. 3.5 and 3.6 into Eq. 4, G2 is expressed as 
      
 2211
1
2
eq
2
areaB2
1
eq
1
areaB1212
32
32
lnln




nna
σn
TknTknnnG



                     (3.7)                                              
where 
1
eq  and 
2
eq  are the equilibrium area fractions of the colloidal particles on 
the 1st layer and 2nd layer, respectively. Among the parameters in Eq. 3.7, 
2
eq and 
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2 were obtained from Nozawa et al. [6]. To calculate G2, the following 
parameters should be obtained: 
1
eq , ∆σ, and 1. 
 
3.3.2 Measuring equilibrium concentration (
1
eq ) on the cover glass 
Here, the equilibrium concentration on the cover glass, 
1
eq , is determined. 
1
eq  is measured experimentally as 
1
area  at which the growth rate of steps of the 
2D island is zero assuming that  is used only for growth kinetics. As nuclei 
grow, particles in the solution are consumed, leading to a decrease in 
supersaturation. Therefore, step velocity becomes small as time proceeds. The step 
velocity is close to 0 when 
1
area  becomes close to 
1
eq . The particles begin to 
dissolve when 
1
area  is smaller than 
1
eq . The step velocity is determined as 
following. Figure 3.8 (a) shows the grains grown in the colloidal suspensions. The 
step growth of one grain was traced from the movement as it grows in different 
directions, as illustrated in Figure 3.8 (b). The step velocity is calculated along the 
directions indicated by arrows based on the data of Figure 3.8 (b). Then, the 
average value of the step velocity in different directions is used to determine the 
relationship between the step velocity and area on the substrate, as presented in 
Figure 3.8 (c). The results show that 
1
eq  is determined to be about 1.1%. 
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Figure 3.8 (a) Growth of a grain in the colloidal suspension. Dashed lines represent 
the step of one grain, and arrows indicate the growth direction of the grain. (b) 
Tracing the step of the 1st layer in the grain with time. (c) Step velocity versus 
1
area . 
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3.3.3 Interfacial energy change (∆σ) and line tension () on the cover glass 
∆σ and 1 are also measured experimentally based on the CNT of 
mono-layer nucleation, in which these parameters determine the critical number 
of particles, N*. N* is obtained by differentiating Eq. 3.2 and setting it equal to 
zero as  
 
n
aσ
dn
nGd
2
1
05.11.1 1
1  

= 0  at n = N*                   (3.8) 
Then,   
 
1
1
eq
1
area
1
B
05.12
1.1
ln
a05.1
21


 



σaTk
N
                               (3.9) 
by replacing  with 4
2a . 
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Figure 3.9 Reciprocal of the square root of the critical size, 1/√𝑁∗, as a function 
of  1eq1arealn  . 
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The number of particles for the critical mono-layer nuclei is obtained at 
various 
1
area  (Figure 3.6). The reciprocal of the square root of the critical size, 
1/√𝑁∗, as a function of  1eq1arealn   is shown in Figure 3.9. The fitting line is 
drawn without taking into account several unreliable data points that deviated 
significantly from the trend of the other data. ∆σ and 1 are derived as 1.1 kBT/a2 
and 4.6 kBT/a, respectively. In a hard sphere system, the value of ∆σ on the 
hard-wall is obtained by computer simulation as almost zero.31 Since there are 
interactions between particles and substrate, σ obtained from the experiments 
shows a non-zero value. The step free energy of the 1st layer, γ1, is five times larger 
than that of the hard-sphere system [7] and almost the same as that of the 2nd layer 
[6]. This increment is thought to be the sum of interactions between particles as 
well as between particles and substrate.  
In general, although ∆σ is an important parameter for nucleation such as 
epitaxial growth, it is very difficult to measure the critical nucleus in an atomic 
system. In contrast, observations at single-particle resolution of colloidal crystals 
are easy, which enables us to measure the critical size.  
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Figure 3.10 Gibbs free energy, G, for mono-layer nucleation, G1, and that for 
q-2D nucleation, G2, at various
1
area . The solid blue and green lines correspond 
to the critical Gibbs free energy change, G*, for mono-layer and q-2D nucleation, 
respectively. 
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All the parameters, 
1
eq , 
2
eq , 1, 2, and ∆σ, are substituted into Eq. 3.4 
and Eq. 3.7 for each point in Figure 3.6. The G of mono-layer nuclei, ∆G1, and 
two-layer nuclei, ∆G2, at various area fractions are calculated as shown in blue 
circles and green triangles, respectively, in Figure 3.10. The blue and green lines 
based on these points are the minimum G, which corresponds to the G* at 
various 
1
area .  
These calculations suggest that G* for q-2D nucleation is smaller than 
that for mono-layer nuclei at the same 
1
area . This explains our experimental results 
shown in Figure 3.6 in which nucleation occurs with a smaller number of particles 
for q-2D nuclei than for mono-layer ones. 
Although q-2D nucleation has a smaller G, mono-layer nucleation is 
predominant when 
1
area  is larger than 12%. There is no q-2D nucleation observed 
in the 
1
area  range over 12% in Figures 3.6 and 3.10. This is explained by the 
induction time of the second layer formation. For q-2D nucleation, a certain time 
is required to form the 2nd layer. On the other hand, at high 
1
area , mono-layer 
nucleation occurs very quickly and consumes particles for growth, which 
decreases 
1
area . Therefore, even though q-2D nucleation has a smaller G, it is 
prevented kinetically. 
In Figure 3.10, the parameter to express the quantity of the particles in the 
2nd layer relative to those of the 1st layer is not included. Figure 3.11 shows the 
effect of the secondary layer on G, in which the axis of n2/n1 is added, and the 
color contrast represents the value of G. When n2/n1 equals zero, i.e., a 
mono-layer nucleus, blue circles in Fig. 3.11 correspond to those in Fig. 3.10. 
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When n2/n1 is larger than zero, 
2G  decreases with increasing n2. The 
appearance of the 2nd layer for q-2D nuclei reduces the interface between crystal 
and substrate, decreasing G for the nucleation of particles. In other words, since 
formation of colloidal layers on the glass substrate is not as favorable as formation 
on the surface of colloidal crystals as a secondary layer (measured by ∆σ), 
nucleation with two layers is the lower path to overcome the energetic barrier for 
nucleation at a given number of particles. 
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Figure 3.11 Plots of ∆G versus 
1
area  and n2/n1. Blue circles correspond to 
mono-layer nuclei, and green diamonds represent q-2D nuclei. The colored surface 
shows ∆G of nuclei formation as a function of 
1
area  and n2/n1. 
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3.4 Summary 
Heterogeneous nucleation of colloidal crystals on a glass substrate has 
been investigated by in situ observations. Two types of nucleation processes were 
observed: mono-layer and q-2D nucleation. Interfacial free energy change, ∆σ, and 
step free energy of the 1st layer, , were obtained from measurements of the 
critical size of nuclei and analysis based on the classical nucleation theory (CNT) 
equation. The ∆G calculations suggest that ∆G of q-2D nucleation is smaller than 
that for mono-layer nucleation at a given 
1
area , which explains the experimental 
results that N* for q-2D nuclei is smaller than that for mono-layer nuclei. We have 
succeeded in quantitatively examining the substrate effect as ∆σ via the nucleation 
process. Since ∆σ are important parameters for controlling the size and shape of 
colloidal nuclei, our findings will contribute to wide fields of applications of 
colloidal crystals such as colloidal epitaxy and lithography.  
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Chapter 4 Effect of substrate on nucleation rate of two-
dimensional colloidal crystals  
In Chapter 3, the effect of the substrate was found to be important for the 
heterogeneous nucleation of colloidal crystals. As introduced in Chapter 1, σ 
affects the nucleation and growth in the atomic system. To investigate the effect 
of substrate on nucleation in the colloidal system, different types of substrates are 
applied. In this chapter, three types of substrates are used and the consequent effect 
on the nucleation rate, J, is examined. 
 
4.1 Nucleation on three substrates 
After mixing the polymer solution and suspension, the particle 
concentration on the substrate gradually increases due to sedimentation of the 
particles by gravity and the depletion attraction between the particles and substrate 
which is induced by overlap of the depletion zones. Since 500 nm colloidal 
particles display strong Brownian motion, particles that do not form clusters return 
to solution after diffusion on the substrate. When the particle concentration reaches 
a certain value, nucleation occurs on the substrate.  Figure 4.1 shows the nuclei 
formed 15 min. after starting the experiment for the three different substrates under 
the same initial volume fraction, . Some clusters with sizes less than the critical 
size will dissolve into the solution. Conversely, some that surpass a critical size 
will continue to grow. Most of the nucleation occurs as monolayer (2D) nucleation. 
Repeating the 2D nucleation on the terrace, these nuclei  grow into colloidal 
crystals with 3–5 layers. Among the three substrates, the number of nuclei on the 
uncoated cover glass is largest while it is smallest for the Pt -coated cover glass. 
Thus, it is clear that the nucleation rate is dependent on the substrate material.  
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4.2 Nucleation rate (J) on different substrates 
The heterogeneous 2D nucleation rate can be measured via in situ 
observation. This measurement is expressed as shown in eq. 4.1.  
tS
N
J
Δ
                                                         (4.1) 
where N is the number of nuclei in the observed region, S is the observed area, and 
t is a certain time interval in the nucleation process.  Figure 4.2 shows the number 
of nuclei and area as a function of time. Based on eq. 4.1, J is summarized at 
various area in Figure 4.3. 
The relationship between nucleation rate, J, and area fraction, area, which 
is introduced as the surface concentration of particles, for the three substrates is 
investigated. Figure 4.3 shows the J of 2D colloidal crystals as a function of area 
for three different substrates. Details of the measurement of J are discussed in the 
Supplementary section. Among the three substrates, cover glass has the largest J 
while the Pt-coated substrate has the smallest J under the same area. 
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Figure 4.2 Variation of the number of grains, N, and area with time. Red circles 
represent the values of area on the substrate, whereas blue ones represent N 
in the suspension.  
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Figure 4.3 The nucleation rate, J, at various area for three different substrates. 
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4.2.1 Derivation of J 
We next analyzed the difference in J for different substrates from the 
thermodynamic viewpoint. In our previous work, the Gibbs free energy change, 
∆G, for 2D nucleation was expressed in terms of the number of particles, n, taking 
the interfacial energy change, ∆σ, into account [1], 
  



  naσnnnG
32
Δ
32
ΔΔ                           (4.2) 
where a is the diameter of a colloid particle, Ω is the area per particle (equal to 
(a/2)2),  is the step free energy (line tension) of nuclei, and ∆µ is the chemical 
potential difference between the bulk liquid and solid. Here, ∆µ is a function of 
supersaturation, which is expressed as (area−eq)/eq, where eq is the equilibrium 
concentration. The ∆σ is the change in interfacial free energy, which is given by 
∆σ = σsub-solid +σsolid-liquid−σsub-liquid                                   (4.3) 
where σ is the interfacial energy between each phase. The critical Gibbs free 
energy change, G*, of the formation of critical nuclei leads to [1] 




2
22
32
3
Δ
a
a
G*                                             (4.4) 
and J is expressed as 





 

Tk
G
AJ
*
B
exp                                                (4.5) 
where kB is the Boltzmann constant, T is the absolute temperature, and A is a 
kinetic prefactor that is related to the attachment rate of the particles surrounding 
the critical nuclei, the Zeldvich factor, and the number density of the colloidal 
particles.  
Substituting eq. 4.4 into the above equation yields 
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Here, the eq is determined experimentally as area where the growth rate of steps 
of 2D islands is zero, assuming that ∆µ is only used for growth kinetics. The eq 
for cover glass, Au-coated and Pt-coated cover glass are 1.1, 0.9 and 0.95%, 
respectively.  
 
4.2.2 Interfacial energy change (∆σ) from the experimental 
The values in Figure 4.3 are replotted based on eq. 4.6 as shown in Figure 
4.4. The σ is obtained from Figure 4.4 by fitting eq. 4.6. The values of σ on the 
cover glass, Au-coated, and Pt-coated cover glass are determined to be 0.83, 1.39, 
and 1.47 [kBT/a
2], respectively.  
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Figure 4.4 The lnJ as a function of ln(area/eq) for three different substrates.  
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4.3 Interaction between PS particles and substrate 
In the atomic system, Δσ is dependent on the bonding energy between the 
substrate and a formed crystal. We deduce that the Δσ for colloidal crystals is 
related to the strength of the interaction between particles and the substrate. The 
interaction between particles and substrate in a polymer solution mainly consists 
of the depletion attraction and the vdW force. The vdW force plays the dominant 
role for the interaction between submicron-sized particles and substrate, e.g., the 
adsorption of a silica particle onto hydrogel surfaces is driven by the vdW force. 
[2] Since the strength of the depletion attraction depends on the size and density 
of the polymers, [1] its value is independent of the substrate material, while the 
magunitude of the vdW force is dependent on the material. Therefore, to determine 
the vdW force between particles and each substrate, surface force measurements 
were conducted in pure water. The surface force measurement is a powerful 
method to measure very slight forces interacting between two substances with high 
sensitivity. [3–5] All of the surface force measurements in this study were 
conducted in pure water instead of polymer added water. Since polymers easily 
adhere to the cantilever of the AFM, the measurement was challenging. However, 
because the depletion attraction is the same for all three substrates, the order of 
interaction between the particle and each substrate corresponds to that of the vdW 
force interaction. 
 
4.3.1 Surface force measurement 
The surface force between a colloidal particle and a substrate was 
measured by an atomic force microscope (AFM) equipped with a colloidal probe. 
The colloidal probe was prepared by gluing a polystyrene (PS) particle of 10 m 
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in diameter at the tip of a cantilever (Figure 4.5). The interaction force, F, was 
measured as the product of the spring constant of the cantilever, k, and deflection 
of the cantilever. The deflection of the cantilever was measured from the laser 
position that was reflected from the back of the cantilever and monitored by a 
position-sensitive sensor (four-sectored photodiode). The surface separation (D) 
was measured by a piezoelectric device. 
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Figure 4.5 Optical microscopy image of colloidal probe cantilever. The white 
arrow indicates the PS particle. 
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The k is calculated from resonant frequency, [6] 
)11(
)(2
2
0
2
1
12




M
k                                             (4.7) 
where 1 is the unloaded resonant frequency before the PS particle was attached,  
and 1 is the resonant frequency with the added mass of the PS particle M1. All 
measurements were conducted with one cantilever, and the value of k was 
determined to be 0.383 N/m. 
The measurement consists of two processes, approach of the substrate to 
the PS particle and separation from it. The profiles of the interaction force as a 
function of the distance between the PS particle and substrate were obtained. At 
the beginning of the approach process, the cantilever remained undeflected over 
the 1000 nm range (See Figure 4.6 (a)). The repulsive interaction was detected 
within the distance of 200 nm. The tip of the cantilever jumped into contact with 
the substrate when the attractive force exceeded the stiffness of the cantilever. The 
substrate was further pushed towards the cantilever until the force and distance 
showed a linear relationship, from which the zero distance and the sensitivity of 
the cantilever were determined. In the separation process, the tip jumped out from 
the substrate when the elastic force of the cantilever surpassed the adhesive force 
between the particle and substrate.  
The measurements were taken at least 10 consecutive times. The obtained 
forces (F) were normalized by the radius (R) of the colloidal sphere using the 
Derjaguin approximation, [7] F/R = 2Gf, where Gf is the interaction free energy 
per unit area between two flat surfaces. R is measured from the optical microscopy 
images.  
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4.3.2 Compare the order of experimental results of interaction between PS 
particles and substrate with that of calculation 
Figure 4.6 (a) shows the force-distance profiles for the PS particle and 
three substrates in pure water measured during the approach process. The adhesive 
forces measured in the separation process are indicated at zero distance. The 
details of the measurements are described in the Supporting Information. 
Repulsive forces are observed in the distance range from several tens to 100 nm 
for all of the substrates, which are due to the electrostatic repulstion between the 
particle and substrates. As the substrate approaches the PS particle, the PS particle 
jumps into contact with the substrate, which is called "jump-in," indicating that 
the gradient of the attractive force (vdW attraction) exceeds the stiffness of the 
cantilever. The jump-in is observed for all three substrates. After the approach 
process, the forces on the separation process are also measured, and "jump-out" is 
observed. The adhesive forces are determined as the force required for the jump-
out to take place. The adhesive force consists of an electrostatic repulsion and the 
vdW force. However, since the vdW force is dominant at short distances, we regard 
the order of adhesive force for the three substrates as that of the vdW attraction.  
The adhesive forces for each substrate are shown in Figure 4.6 (b). The adhesive 
force for Pt-coated cover glass is the largest while that for the uncoated cover glass 
is the smallest. This magnitude order is the same as that for the σ values for each 
substrate determined from J. It is thus demonstrated that σ is based on the 
interaction between the particle and the substrate.  
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Figure 4.6 (a) Force–distance profiles between polystyrene particle and each 
substrate in pure water. A positive sign of the force corresponds to a repulsive 
interaction while a negative sign indicates an attractive force. Dashed lines 
indicate when the particle jumps into contact. Inset illustration shows the vdW 
force between the particle and substrate. (b) Statistics of adhesive forces between 
colloidal particles and three kinds of substrates. Red circles represent the value for 
cover glass, green triangles for Au-coated cover glass and blue squares for Pt-
coated cover glass.  
  
88 
 
In general, the vdW force can also be estimated by calculations using the 
Hamaker constant of individual materials. The vdW force between particles and a 
plate is given by [8] 
                                             (4.8) 
where AH is the Hamaker constant between a colloidal particle and a plate in a 
solution medium, R is the radius of one colloidal particle, and D is the distance 
between the particle surface and a plate. AH is calculated using individual Hamaker 
constants of polystyrene, water and each substrate as,  [8] 
))(( 22332211H AAAAA                               (4.9)  
where A11, A22, and A33 are the Hamaker constants of the colloidal particle, water, 
and substrate, respectively. The following values are used for the calculations: 
polystyrene, A11 = 6.6×10
−20 J; [8] water, A22 = 3.7×10
−20 J; [9] glass, Au and Pt, 
A33 = 6.3×10
−20, 38×10−20 and 20×10−20 J, respectively. [10] The combined 
Hamaker constants of eq. 7 for cover glass, Au-coated and Pt-coated cover glass 
are calculated to be 0.410-20, 2.710-20 and 1.610-20 J, respectively. The 
combined Hamaker constant, σ and adhesive forces for the three substrates are 
summarized in table 4.1.  
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Among the three substrates, the calculated van der Waals interaction between PS 
particles and Au-coated cover glass is the largest. This is not consistent with the 
surface force measurements and σ values determined from J. This inconsistency 
is likely caused by the roughness of the coated substrate since the vdW force is 
dependent on roughness [11] 
 
4.3.3 The effect of substrate roughness on the interaction between PS particles 
and substrate  
We then conducted the surface force measurements for different substrates 
with similiar roughness. The average surface roughnesses on Au-coated and Pt-
coated cover glass that are used in the nucleation experiment are measured by 
AFM to be 0.84 ± 0.08 and 0.29 ± 0.04 nm. The roughness of the Pt-coated cover 
glass is smaller than that of the Au coating. Thus, the surface force measurements 
for different substrates with approximately the same roughness were conducted. 
The adhesive force of Pt-coated cover glass with a roughness of 1.11 ± 0.06 nm 
was compared to that of Au with nearly the same roughness (0.84 ± 0.08 nm). The 
adhesive force of the Pt-coated cover glass is measured to be 17.30 ± 1.25 mN/m 
(force profile is shown in Figure 4.7), which is less than that of the Au-coated 
cover glass. The greater roughness of the substrate yields less adhesive force, 
which is suggested by the relationship between the strength of the vdW force and 
roughness. [11] If the influence of roughness is taken into account, the order of 
measured forces is in accordance with the calculation results based on eq. 4.8 for 
the coated samples. 
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Figure 4.7 Force profiles of interactions between PS particles and substrates upon 
separation. Red circles represent plots for the cover glass, green triangles for the 
Au-coated cover glass, blue squares for the Pt-coated cover glass (roughness of 
0.29 ± 0.04 nm) and brown diamonds for Pt-coated* cover glass with a different 
roughness (1.11 ± 0.06 nm). The inset figure shows an enlargement of the short 
distance range. The dotted arrows show where the cantilever jumped out from 
contact with the substrate.  
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Here, it should be noted that, to our knowledge, this is the first time that 
surface force measurements between polystyrene colloidal particles and Au and Pt 
films over water medium have been conducted. These results are applicable to not 
only colloidal crystallization, but also to various surface chemistry fields that 
include surfaces of polystrene, Au or Pt. 
We have studied the effect of substrates on the J of 2D colloidal crystals. 
The value of σ is relevant to the strength of the interaction between particles and 
substrates. We demonstrated that σ for colloidal crystals could be controlled by 
changing the substrate material or its roughness, which leads to further control of 
J.  
 
 
4.4 Summary 
Nucleation rates, J, of 2D colloidal crystals on cover glass, Pt-coated 
cover glass and Au-coated cover glass have been measured. Different J values for 
each substrate are determined, from which different values of σ are obtained. 
From the surface force measurements, it is revealed that σ is of relevance to the 
interaction between particles and substrates. The larger attractive interaction 
between colloidal particles and substrate yields a higher Δσ and hence smaller J. 
We clearly demonstrate that the type of substrate and its roughness are crucial 
parameters for controlling the nucleation rate of colloidal crystals. Our findings 
will contribute to extensive applications of colloidal crystals such as in colloidal 
epitaxy and lithography grown on any substrate.  
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Chapter 5 Conclusion 
Though the observation technique and the computational simulation are 
rapidly developing, the mechanism for revealing the nucleation process is still a 
challenge due to the limitation of suitable experimental evidence. In this study, 
colloidal crystals were used as a model for the atomic system to study the 
mechanism of heterogeneous nucleation on a substrate observed in a single-
particle resolution. More importantly, the effect of interfacial energy change, , 
was quantitatively evaluated and its origin for colloidal crystals was discussed. 
In chapter 1, a general introduction on nucleation and colloidal crystals as 
a model was presented. The objective of the thesis was also highlighted.  
In chapter 2, the principle of colloidal crystallization was introduced. The 
attractive system driven by depletion attraction was employed for colloidal 
crystallization to investigate the heterogeneous nucleation on a cover glass 
substrate. The colloidal particles, polymer, and experimental setup employed in 
the experiment were described. 
In chapter 3, the heterogeneous nucleation of colloidal crystal on a cover 
glass was discussed. The results are listed as follows:  
1. Two types of nucleation processes were found: a cluster that overcomes 
the critical size for nucleation with a monolayer and a method that occurs with two 
layers, which is defined as quasi-2D nucleation. This nucleation process is 
reported for the first time in this study.  
2. The number of particles for the critical monolayer and two-layer nuclei 
at various area fractions on a cover glass, area1, was summarized. Throughout the 
range of area1, N2* was less than N1*. ∆G for these two types of nucleation 
processes was evaluated by taking into account the substrate effect.  
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3. The ∆G calculations suggested that the ∆G of q-2D nucleation was less 
than that for monolayer nucleation at a given supersaturation. The introduction of 
 into ∆G calculation accounts for the occurrence of quasi-2D nucleation. 
In chapter 4, the effect of the substrate as interfacial free energy, , on 
the nucleation rate of colloidal crystals was investigated. The nucleation processes 
on uncoated, Au-coated, and Pt-coated cover glass under the same supersaturation 
were studied. The nucleation rate, J, on the three substrates as a function of area 
was measured. The results are summarized as follows: 
1. The values of σ on the uncoated, Au-coated, and Pt-coated cover glass 
were obtained from the CNT equation as 0.83, 1.39, and 1.47 [kBT/a
2], respectively, 
where kB is the Boltzmann constant, T is the absolute temperature, and a is the 
particle diameter.  
2. The surface force measurements for each substrate were conducted by 
AFM and the order of the strength of interaction between the particles and 
substrate was consistent with the order of the magnitude of Δσ on the three 
substrates. This indicates that Δσ is related to the strength of interaction between 
the particles and substrate, which is the same for the atomic system that σ 
originates from the bonding energy between the substrate and crystals. 
3. The larger the attractive interaction between the colloidal particles and 
substrate, the higher the Δσ, and hence, the smaller the value of J. 
4. The inconsistency of Δσ determined from J with the prediction by 
calculation was caused by the roughness of the coated substrate, which was 
inferred from the result of the surface force measurement.  
 
We have successfully revealed the detailed nucleation process of colloidal 
crystals on the substrates. Our observations indicate the occurrence of a new 
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nucleation process: quasi-2D nucleation. This finding significantly impacts the 
evaluation of the nucleation process. Moreover, the nucleation rate allows us to 
obtain important parameters, such as ∆σ and  through the application of CNT. 
However, these obtained parameters become inaccurate if quasi-2D nucleation 
actually occurs. 
The pathways in a system are determined through both intermolecular and 
interparticle interaction and external conditions, such as solution concentration, 
which provides the amount of chemical potential , and substrate effect, which 
possibly reduces interfacial free energy. Therefore, more concrete experimental 
conditions to determine the pathways should be investigated in the future. 
The substrate effect, ∆σ, was quantitatively evaluated for the nucleation 
process and was identified to play a crucial role in colloidal nucleation. The 
magnitude of Δσ is related to the strength of the interaction between particles and 
each substrate, which was confirmed via surface force measurements of three 
different substrates. These findings will contribute to the basic understanding of 
heterogeneous nucleation on the substrates and to wide fields of colloidal crystal 
applications, such as colloidal epitaxy and lithography.  
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